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N 1941, Moruzzi reported that application of current to the cerebellum suppressed strychnine-induced clonic motor activity. 1~ Inhibition of extensor hypertonus in the decerebrate cat and dog by application of current to the anterior lobe of the cerebellar cortex was demonstrated by Lowenthal and Horsley in 1897) Recently, chronic stimulation of the cerebellum has been advocated for relief of seizure disorders and spasticity in humans.' Laboratory trials on various animal preparations have yielded conflicting results with regard to the efficacy of cerebellar stimulation for relief of these disorders. This study was undertaken to determine the effect of cerebellar stimulation on unmedicated, unanesthetized primates.
Materials and Methods
The experiments were carried out in 12 stumptail macaque monkeys (Macaca arctoides) previously conditioned to primate restraining chairs. Surgical procedures were done under thiamylal anesthesia with respiratory support provided by a volume cycled ventilator. A suboccipital craniectomy was performed in each animal. Three platinum-iridium disc electrodes, 1 mm in diameter and 0.025 mm thick, embedded in line in a Dacron-reinforced Silastic strip were applied to the superior and lateral surfaces of each cerebellar hemisphere. In eight animals, five platinum-iridium disc electrodes of the same diameter and thickness were implanted in line over the sensorimotor cortex bilaterally. In addition, bipolar nichrome electrodes were placed stereotaxically in the nucleus ventralis lateralis of the thalamus on the left and in the dentate nucleus of the cerebellum on the right. Confirmation of position was obtained by recording evoked potential responses using computer averaging techniques and, eventually, by histological examination. All electrodes were fixed to the calvaria by an acrylic cap.
When wound healing was complete, the animals were placed in primate restraining chairs. Focal motor seizures were produced by the application of current to sensorimotor cortex at 100 Hz using capacitatively coupled rectangular waveforms of 250/~sec duration. The amplitude of applied current was increased at a rate of 0.5 mA/second until seizure threshold was reached and then increased at the same rate to twice threshold to prevent accommodation. Electroencephalographic (EEG) recordings were also made to determine seizure threshold and duration. The clinical and EEG changes occurred together.
When current was applied to the cerebellar hemispheres, the first and third electrodes of each in-line array were connected to the positive pole of a current generator, and the second electrode to the negative pole. Capacitatively coupled rectangular pulses of l-msec duration and peak amplitudes of 10 mA were applied at frequencies of 4, 10, 50, and 100 Hz. The cerebellar stimulation was begun either before or during seizure activity. Stimulation of the dentate nucleus was performed at pulse amplitudes from 3 to 5 mA. Frequencies and onset of application were the same as those used in the cerebellar cortical stimulation. In a separate trial, animals were also given phenytoin, 60 mg/day, to determine its effect on seizure threshold.
In four animals, spastic hemiplegia was produced by unilateral resection of sensorimotor cortex. The animals were given daily range of motion exercises to prevent limb contractures. Resistance to passive movement at the elbow was measured as torque. This was accomplished using a lever arm parallel to the dorsal surface of the arm of the animal. The lever arm was hinged at the elbow and coupled to the animal's arm by circumferential straps. A force transducer* was connected at a right angle to the lever arm. The arm was then displaced through flexion and extension at an angular rate of 30~
The peak torque for 25 cycles through flexion and extension was averaged. Current was applied both bilaterally and unilaterally to the cerebellar hemispheres. Frequencies from 4 to 100 Hz and pulse *Grass FTI0 Force Transducer, manufactured by the Grass Instrument Corporation, Quincy, Massachusetts 02169.
amplitudes from 0 to 10 mA were used. Current application was begun 1 minute before testing.
Averaged evoked potentials were recorded secondary to peripheral and depth stimulation in three animals before, during, and after application of current to the cerebellar hemispheres. In each instance, end controls were obtained after application of current at various frequencies. Total time during which currents were applied to the cerebellum varied from 12 to 97 hours with an average of 50 hours. The animals were sacrificed at intervals from 2 weeks to 3 months after original cerebellar electrode placement. The cerebellum and cerebral hemispheres were examined histologically.
Results
Application of current to the cerebellum with the frequencies and pulse amplitudes described did not appear to be unpleasant, or even noticed by the animals. Ongoing activity, such as feeding, was not affected. Postural alterations were not observed in the seizure group after application of current to the cerebellum alone.
Control values for seizure threshold and duration were difficult to reproduce without strict adherence to the preceding method of induction. Threshold values varied from day to day by 0.1 to 0.4 mA and were noted to be elevated if attempts at induction were made more frequently than every 30 minutes (Fig.  1) . Increasing the pulse amplitude at a rate greater than 0.5 mA/second was likely to induce a grand mal seizure. When threshold level was obtained, pulse amplitude was increased to a maximum of twice threshold level in order to induce a seizure of reasonable length since accommodation occurred rapidly at lower current levels. Although the threshold values for seizure induction varied considerably between animals, they remained stable for a single animal if trials were carried out within the same day.
Various modes of application of current to the cerebellum were used. Trials were made with application of current to the cerebellar hemisphere before the induction of seizures. Additional trials were run with application of current after the onset of seizures, and continuously before and during the onset of seizures. When current was applied to the cerebellum in any fashion and at any fre- (Tables 1 and 2 ). Electroencephalographic tracings from the electrodes on the sensorimotor cortex were not altered by the application of current to the cerebellum, When the dentate nucleus was stimulated by a bipolar electrode using the same protocol as for cerebellar cortical current application, no significant difference (t-test) in threshold or seizure duration values was noted from control values (Tables 1 and 2 ). However, premedication with phenytoin approximately doubled threshold values without any significant influence on seizure duration.
In those animals with spastic hemiparesis, when current was applied to the ipsilateral cerebellar hemisphere, the resistance to passive displacement was reduced significantly at a pulse amplitude of 10 mA and a frequency of 100 Hz. The same effect was noted with bilateral application of current. After application of current to the cerebellum for 6 minutes, a return to control values was noted in 3 to 5 minutes following cessation of cerebellar current (Table 3) . No significant effect was noted at other frequencies or with application of current to the contralateral cerebellar hemisphere.
When somatosensory-evoked potential recordings were made during ongoing cerebellar stimulation in three animals, there was little effect on the amplitude of the response at frequencies of 4, 10, and 50 Hz. Similarly, there was little effect upon evoked potential recordings by stimulation of the dentate nucleus at low frequencies when current was applied to the cerebellar cortex at rates of 4, 10, and 50 Hz. However, when the cerebellar *Duration of seizures in each of eight animals after application of current to the cerebellar cortex and the dentate nucleus (five trials). All numbers mean ~ SEM.
FIG. 2.
Reduction in amplitude of somatosensory-evoked potential after high-frequency application of current to the cerebellar cortex. The cortical response evoked by dentate stimulation was similarly affected. cortex was s t i m u l a t e d at a frequency of 100 Hz, the m a x i m u m a m p l i t u d e s of both the s o m a t o s e n s o r y and d e n t a t e -e v o k e d cortical potentials were reduced to 50% to 60% of control values (Fig. 2) . F u r t h e r m o r e , a p p l i c a t i o n of current to the c e r e b e l l u m at 100 H z doubled the threshold for a d e n t a t e -e v o k e d cortical response, and abolished the response evoked by threshold s t i m u l a t i o n of the dentate nucleus. A t no t i m e was any change noted in the latency or w a v e f o r m of the evoked potentials. In each case, end control responses did not v a r y from the original control response.
Purkinje cells a p p e a r e d n o r m a l in sagittal sections o f the c e r e b e l l u m e x a m i n e d histologically with cresyl violet stain (Fig. 3) . Occasionally, a c o m p r e s s i o n artifact was noted i m m e d i a t e l y b e n e a t h the electrode in the molecular layer.
Discussion
The existence o f an e x t r a f o c a l inhibitory site for e x p e r i m e n t a l l y induced seizures has been postulated by m a n y a u t h o r s . ' S t i m u l ation of the c a u d a t e nucleus, and the cerebellar cortex, and a n t The spontaneous discharge rate of dentate neurons has been shown to decrease following the administration of phenytoin. 8 We have observed an increase in the threshold level of experimentally induced seizures after premedication with phenytoin. Furthermore, there has been both a reduction in the amplitude and an increase in the threshold of the dentate-evoked cortical potentials following the application of current to the cerebellar cortex at higher frequencies. The amplitude of the somatosensory-evoked potential was reduced by high-frequency current applied to the cerebellar hemisphere. This suggests a reduction in cortical neuronal responsiveness mediated via inhibition of the dentatothalamic cortical pathway.
Although electrically induced seizures and idiopathic epilepsy are not equivalent, certain features are common to both. A demonstrable lesion is not present in either. Both can be focal or generalized and both are influenced by anticonvulsant medications. The electrically induced seizure model was selected because of its reliability and reproducibility. Since the sensorimotor cortex receives the major outflow from the cerebellum to the cerebral cortex, 8 one would anticipate focal motor seizures to be more responsive to cerebellar influence than other convulsive disorders. The lack of effect of cerebellar current application may, however, be peculiar to this experimental model. Spontaneous Purkinje cell discharge has been characterized by various authors as irregular with a rate of approximately 10 to 25 Hz. 6 Nashold and Slaughter la reported that stimulation of the human dentate nucleus causes augmentation of muscle tone ipsilaterally and a reciprocal effect follows dentate ablation. If a tonic excitatory state exists within the dentate neurons, then an increase in the frequency or number of Purkinje cell discharges should reduce the state of excitation. The observation that experimentally induced spasticity is altered most significantly by high-frequency application of current to the cerebellar cortex is consistent with this theory.
Reduction of spasticity in the experimental animal continues after cessation of application of current to the cerebellum. The mechanism responsible for this effect is not clear, but similar observations have been reported in humans. 2
